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In reduced recycling discharges using a local island divertor in the Large Helical Device O.
Motojima, H. Yamada, A. Komori et al., Phys. Plasmas 6, 1843 1999, a stable high-density
plasma develops in the core region when a series of pellets is injected. A core region with 5
1020 m−3 and temperature of 0.85 keV is maintained by an internal diffusion barrier IDB. The
density gradient at the IDB r /a0.6 is very high, and the particle confinement time in the core
region is 0.4 s. Because of the increase in the central pressure, a large Shafranov shift up to
0.3 m is observed. The critical ingredients for IDB formation are a strongly pumped divertor to
reduce edge recycling, and multiple pellet injection to ensure efficient central fueling. No serious
magnetohydrodynamics activity and impurity accumulation have been observed so far in this
improved discharge. © 2007 American Institute of Physics. DOI: 10.1063/1.2718530
I. INTRODUCTION
To achieve a burning plasma is the final goal for the
toroidal magnetic confinement fusion research.1 Much effort
and time have been paid to discover a breakthrough toward
this goal. Various confinement improved modes, i.e.,
H-mode,2 internal transport barriers ITBs,3–5 and so on,
have been discovered mainly in tokamaks. For the helical
device,6 which is an alternative approach aiming at the same
goal, the discovery of the improved modes for particle and
energy confinement is also an urgent issue to be solved.
In the Large Helical Device LHD project,7 one of the
most important research goals is to realize a reactor-relevant
plasma through effective edge control with divertors. Two
completely different divertor configurations are employed in
LHD: the helical divertor HD8 and the local island divertor
LID.9–12 The HD is an intrinsic helical double-null divertor
that is similar to the tokamak double-null divertor except for
its long connection length of the field lines in the thick er-
godic region surrounding the closed surfaces.13 On the other
hand, the LID is an alternative divertor concept of the HD
with outstanding capability of edge plasma control.11,12 Al-
though the present HD is an open configuration without
baffles and active pumping, the LID has a fully closed con-
figuration with strong pumping capability.
Recently, a superdense core SDC mode,12,14 conse-
quently achieved with the formation of an internal diffusion
barrier IDB, was discovered on the LHD in the LID con-
figuration with a central fueled condition by the repetitive
pellet injection.15 In this mode, a superdense plasma with the
central density of 51020 m−3 is maintained by the forma-
tion of an IDB with extremely high-density gradient. Al-
though use of the LID reduces the confinement volume by
40% from the nominal value, IDB-SDC modes exhibit the
highest performance n0T0E=4.41019 m−3 keV s ob-
tained so far in the LHD.14
Similar high-density improved modes have been ob-
served in tokamaks and stellarators. The pellet enhanced per-
formance PEP mode16 was achieved in the Joint European
Torus.17 In the PEP mode, central deposition from pellet fu-
eling and central heating in the ion cyclotron range of fre-
quencies can lead to strongly peaked density profiles that
produce the ITBs with the negative shear region in the
plasma core.18,19 In the Wendelstein stellarator W7-AS,20
another improved confinement mode called the high-density
H-mode HDH was achieved, which is characterized by flat
density profiles and low impurity confinement time.21,22 In
the HDH, impurity contamination is avoided, which is also
seen in the IDB-SDC mode in the LHD see Sec. III D.
In this paper, the characteristics of the IDB-SDC mode
are mainly described, together with its future aiming at the
reactor plasma. After describing a short introduction to the
LID and experimental setup, together with experimental con-
ditions in Sec. II, experimental results are shown in Sec. III.
Before summarizing in Sec. V, some discussions aiming at
the reactor plasma are described in Sec. IV.
II. EXPERIMENTAL APPARATUS AND CONDITIONS
The LHD is the largest superconducting heliotron de-
vice, with poloidal/toroidal period numbers of 2 /10, major
radius and averaged plasma minor radius of 3.5–4.1 m and
0.6 m, respectively, and toroidal magnetic field of 3.0 T.7
The Thomson scattering system provides the electron density
ne and temperature Te profiles. The line averaged density is
measured with a far-infrared interferometer. Total radiation
power from impurities is measured with a bolometer array
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and line emissions from impurities are also measured with
spectroscopic method. Especially for metallic impurities
e.g., Fe, Cr, Ti, a pulse height analyzer PHA for the x-ray
range emission is utilized. Plasma stored energy is measured
with a diamagnetic loop.
The LID is a kind of island divertor.11,21–24 A schematic
of the LID is presented in Fig. 1. An externally induced
m /n=1/1 island located in the edge region is utilized by
LID, where m and n are poloidal and toroidal mode numbers,
respectively. Particles diffusing out from the core region
cross the island separatrix and flow along the periphery of
the island. After several toroidal turns, they reach the outer
separatrix of the island where the LID head is placed, and
strike its backside on which they are neutralized. Particles
recycled there are pumped out efficiently by the strong
pumping system with a baffle integrated into the closed di-
vertor configuration. In the LID configuration, the boundary
of the confinement region is defined with the inner island
separatrix. Field lines in or near the island are cut by the LID
head, thus removing all closed flux surfaces and ergodic re-
gion there.
In the experiment, the IDB-SDC mode was produced in
the LID configuration with strong edge-pumping capability.
The magnetic axis position Rax was set at 3.75 m, which is
relatively an outward shifted configuration from the standard
one, i.e., Rax=3.60 m, where the LHD has its best confine-
ment performance.25 Three neutral beams NBs with a total
heating power of 10 MW were injected to heat and sustain
the plasma. Repetitive pellet injectors were utilized to realize
the central fueling.
III. EXPERIMENTAL RESULTS
A. Typical IDB-SDC mode
As mentioned in Sec. I, the IDB-SDC mode is obtained
in the LID configuration when a series of pellets are injected.
These pellets penetrate beyond the magnetic axis and bring
about the central deposition of the fueling particles. The time
evolutions of some principle parameters are presented in Fig.
2. The density profile in the initial phase is flat and low. After
several pellets of n2−31021 are injected to the NB
heated plasma, the density profile takes on a peaked shape,
which can be seen from the abrupt rise in central density ne0
and its separation from the averaged density ne at t
0.76 s, as shown in Fig. 2c. Subsequent pellet injection
continuously raises ne0 until the final pellet is injected at t
0.95 s. Since the NBs are still heating the plasma, electron
temperature Te at the central region starts to rise Fig. 2b,
according to the decrease of the electron density, as shown in
Fig. 2c. In this phase, no gas puff is injected. The plasma
stored energy Wp keeps on rising until t=1.1 s because the
relative increase in temperature is larger than the simulta-
neous decrease in density.
The typical radial electron density and temperature pro-
files at the time when Wp reaches its maximum are depicted
in Fig. 3. A core region with electron density 5
1020 m−3 and temperature 0.85 keV is maintained by an
IDB, which provides the highest fusion plasma performance,
i.e., n0T0E4.41019 keV m−3 s,14 achieved so far on
FIG. 1. A schematic of the LID.
FIG. 2. Time evolutions of a stored energy Wp together with the injection
sequence of NBs, b electron temperature Te in the core region, and c
central electron density ne0 and averaged density ne in the typical IDB-
SDC mode.
FIG. 3. Typical electron density closed circles and temperature open
circles profiles in the IDB-SDC mode.
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LHD. The extremely steep density gradient is formed on the
IDB foot, which is depicted with thick solid lines in Fig. 3,
while the temperature gradient is not so steep there. Outside
the IDB, the density gradient is moderate. The radial width
of the IDB is about 0.1 outboard side of the torus −0.4
inboard side m. Due to the high central pressure, a large
Shafranov shift of 0.3 m is observed. The original mag-
netic axis position and the shifted one are depicted with a
thin solid line and a dashed line, respectively, in the figure. In
this discharge, the central beta value 0 is 4.4%. In the LHD,
the typical 0 equivalent to this discharge without an IDB is
less than 2%.
B. Global confinement
In order to investigate the effect of the IDB on global
confinement, the energy confinement time E was derived
and its improvement from the ISS95 scaling law26 was esti-
mated. Figure 4 shows the result of comparisons among
three different samples: gas puff shots, pellet shots without
the IDB, and pellet shots with the IDB. We have never seen
the IDB-SDC mode in discharges fueled with gas puff. Even
with the pellet discharges, the repetitive pellet injection with
its injection period longer than 50 ms cannot form the IDB.12
In this figure, therefore, pellet discharges with injection pe-
riod shorter than 30 ms achieved the IDB-SDC mode closed
circles. It can be seen that gas puff shots and pellet shots
without the IDB almost follow the ISS95 scaling law. On the
other hand, E with the IDB is higher than that expected with
the scaling. The E itself is longer than other discharges with-
out the IDB. In ordinary discharges in the HD configuration
without IDB, the confinement performance generally de-
grades with the increase of density.27 However, the IDB for-
mation improves the energy confinement up to 20% from
ISS95 scaling law.
The formation of the steep density gradient in the IDB-
SDC mode is considered to be attributed to the improvement
of particle confinement. It is generally difficult to estimate
the particle confinement time in non-steady-state discharges.
In this study, we estimated the effective particle confinement
time inside the IDB by measuring the density decay time
after the pellet injection. Results are shown in Fig. 5. The
p-core
* in the figure is the effective particle confinement time
inside the IDB, derived from the time constant of the density
decay measured with the center chord of the interferometer.
Note that this experiment was done with relatively low heat-
ing power 2.8 MW, in other words, with relatively low
central density, in order to avoid fringe jumps in interferom-
eter signals. For this reason, achieved Wp is not so high.
However, the IDB formation was confirmed in these dis-
charges with proper experimental conditions; e.g., the time
interval of the repetitive pellet injection. In Fig. 5, the IDB is
not observed in discharges with p-core
* 0.26 s; on the other
hand, discharges with p-core
* 0.38 s have an IDB and rela-
tively high central density. It is found that the plasma stored
energy Wp increases with p-core
* and the discharges with an
IDB have long p-core
*
. In Fig. 5, circles 0.3p-core* 0.38 are
from the marginal phase. This is due to the characteristics of
the IDB formation, i.e., which is not accompanied by a fast
and/or clear transition phenomenon.
C. Magnetohydrodynamic „MHD… activities
Since the IDB-SDC mode has quite a steep density gra-
dient and consequent pressure gradient in the confinement
region, its equilibrium and stability are a matter of great
concern. Numerical analyses using the three-dimensional
equilibrium code VMEC28 and the ideal MHD stability analy-
sis code CAS3D29 were performed. Pressure profiles used in
analyses are depicted in Fig. 6a. The solid line is an experi-
mentally measured pressure profile where =1.4% and
0=4.4%, and dotted and dashed lines are profiles in which
enhanced pressure is assumed in the calculations. In the
dashed line case, pressure increases from the foot point of
the IDB; on the other hand, the whole region is enhanced in
FIG. 4. Comparison of energy confinement time E between experimental
result and expectation by ISS95 scaling law.
FIG. 5. Relationship between stored energy Wp and the effective particle
confinement time p-core
* inside the IDB.
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the dotted line case. It can be seen, from the normalized
rotational transform profile  /2 in Fig. 6b, that the mag-
netic shear reverses around the IDB, even at =1.4% in
the experiment. Due to the large Shafranov shift, a large
magnetic well region spreads out beyond the IDB, as shown
in Fig. 6c, and the DI is quite low, which means Mercier
stable, in the whole region Fig. 6d. The analysis by the
CAS3D code indicates that ideal ballooning modes are also
stable in the whole region in the discharge obtained in the
experiment, as known from Fig. 6e, showing its growth
rate to be negative not drawn. The core region inside the
IDB is stable against the ideal interchange mode, even in the
higher beta regime up to 1.4% and 010%, which is
much higher than that achieved in the experiment so far.
However, as far as the ideal ballooning mode is concerned,
its growth rate appears to be positive in such a high beta
regime in the edge region, as shown in Fig. 6e. The core
region inside the IDB is still stable against the ballooning
mode.
During the IDB-SDC mode, MHD activities were ex-
perimentally measured with Mirnov coil arrays installed in
poloidal and toroidal directions in the vacuum vessel of the
LHD. Figure 7 shows the Mirnov coil signals together with
the NB injection sequence top, volume averaged beta value
dia, and plasma current Ip normalized by toroidal magnetic
field Bt. Magnetic fluctuations whose poloidal/toroidal mode
numbers m /n=3/2 and 4/3 are observed. These modes are
excited in the outer region of the IDB, as shown in Fig. 8,
which describes  /2 profile at =0.66% and 1.20%, cal-
culated with the VMEC code. The normalized pressure profile
P / P0 and the IDB position are also depicted in the figure. No
unstable mode inside the IDB is observed. The m /n=3/2
and 4/3 modes disappear during 1 s t1.2 s when the
FIG. 6. Radial profiles of a pressure P, b normalized rotational transform
 /2, c magnetic well and hill V”, d Mercier criterion DI, and e growth
rate of the ideal ballooning mode 	.
FIG. 7. Color online From top to bottom: NB injection sequence, time
evolutions of volume averaged beta value dia, plasma current Ip normal-
ized by toroidal magnetic field Bt, and Mirnov coil signals.
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beta value is around its maximum. In such a high beta re-
gime, rational surfaces related to m /n=3/2 and 4/3 modes
are pushed out of the confinement region where the LID
head cuts the magnetic field lines. That is the reason these
modes disappear in the high beta regime during the dis-
charge. After the beta value decreases in the latter half of the
discharge, those modes appear again. Concerning the fluc-
tuation amplitude of these modes, they are too small to dis-
turb or destroy the IDB. These experimental results de-
scribed above agree well with the calculation results.
Another experimental result also supports the VMEC/
CAS3D expectations. The relationship between dia and the
pressure gradient was examined. Figure 9 shows the depen-
dence of edge open circles and core closed circles gradi-
ents on dia. The core gradient means the IDB gradient. It
is clearly seen that both gradients increase with dia. The
core gradient is higher than that of the edge even in the low
beta regime, which may simply be attributed to the particle
source. In the low beta regime, the IDB is weak or not per-
fectly formed yet; however, the particle source is in the core
region due to pellet injection, which may be the reason for
the higher density gradient at the IDB than that at the edge.
In the regime dia1%, the core gradient increases faster
than that before, suggesting the perfect formation of the IDB,
although the edge gradient increases monotonically. Impor-
tant information known from this experimental result, de-
picted in Fig. 9, is that no saturation in both gradients is seen
as an increase in dia. In other words, the IDB-SDC mode
is not limited by the beta so far in the present experimental
condition.
From the viewpoint of the stability, it seems that there
exists a margin in the IDB-SDC mode, which is confirmed
theoretically and experimentally. However, the theoretical
equilibrium analysis with the VMEC code is not sufficient,
since it cannot deal with the configuration with magnetic
islands and/or with the ergodic region in the calculation vol-
ume. It also cannot calculate the open region where the mag-
netic field lines are terminated by the limiter or vessel wall.
On the other hand, the HINT2 code,30 which has recently been
developed on the basis of the HINT code, is not limited its
calculation volume to perfectly closed surfaces. In that sense,
the HINT2 code is suitable for the IDB-SDC plasma analysis
in which magnetic field lines are not always perfectly closed.
Results of the equilibrium analyses using the HINT2 code are
shown in Fig. 10. The calculated pressure profile shown in
FIG. 8. Radial profiles of the normalized rotational transform  /2 at 
=0.66% and 1.20% calculated with the VMEC code, and normalized pressure
P / P0 used in the calculation. IDB positions are also depicted in the figure.
FIG. 9. Relationship between core and edge gradients and beta.
FIG. 10. Results of the HINT2 code. a Poincaré plot of the magnetic sur-
faces, b normalized rotational transform  /2 profile, and c pressure
profile P0.
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Fig. 10c reproduces the experimental result. The Shafranov
shift calculated by HINT2 agrees well within the error of 15%
compare Figs. 10c and 3. The  /2 profile in Fig. 10b
shows a similar trend, as derived with the VMEC code de-
picted in Fig. 8. The HINT2 prediction suggests almost half of
the outer closed region including the superimposed m /n
=1/1 island is ergodized, as shown in Fig. 10a. Further-
more, the residual m /n=2/1 island due to the intrinsic error
field is found to be enhanced. It seems that the 2/1 island is
in the ergodic sea. In the HINT code, which is a pure MHD
calculation, the island region results in the flat pressure pro-
file, as shown in Fig. 10c. In the experiment, however,
there exists a finite gradient in the region, as seen in Fig. 3,
because of the high collisionality there. Although the er-
godization in the edge region means the destruction of the
confinement volume, the field lines there are so long that
they can maintain the finite pressure so far. However, as the
edge ergodization enhances more and the confinement vol-
ume becomes smaller, it becomes a serious situation. In order
to avoid the so-called equilibrium limit, it will be necessary
to push the plasma column back by the vertical field control
when the beta value becomes higher.
D. Impurity behavior
In the high-density regime such as an IDB-SDC mode,
impurity behavior plays an important role to maintain or en-
hance the present regime. The impurity accumulation in the
core region may bring about the disruptive collapse of the
discharge. In the IDB-SDC mode, the impurity behavior and
its effect on the energy balance were investigated. Figure 11
shows time evolutions of c Fe K
 line emission measured
with a pulse height analyzer PHA for x-ray emission,31 d
total radiation power measured with a 2-bolometer, e nor-
malized radial radiation profile measured with a poloidal bo-
lometer array, together with a central electron density ne0
and b central electron temperature Te0. Horizontal error
bars in Fig. 11c represent the time resolution of the PHA,
which is 0.2 s.
It is found from Fig. 11d that the total radiation in-
creases gradually in the latter half of the discharge. Compar-
ing Figs. 11d and 11e, it seems that the energy is radiated
mainly from the core region. The time behavior of the total
radiation correlates well with the core radiation depicted in
Fig. 11e, especially from t1 to 1.6 s. The Fe K
 line
emission shown in Fig. 11c also increases with the total
and/or core radiation in the latter half of the discharge. It
would surely be reasonable to consider that the Fe K
 line
emission comes from the core region in this temperature
range. However, it does not always correlate with the core
radiation; i.e., the Fe K
 line emission continues to increase
while Prad begins to decreases after t=1.45 s. In fact, it
seems that Fe K
 line emission correlates with Te0, rather
than Prad. Therefore, it can be considered that the increase of
Fe K
 line emission may be due to the increase of the central
electron temperature, rather than the increase of Fe density
itself. In other words, impurity contamination is not as seri-
ous in the IDB-SDC mode.
Another qualitative explanation for the increase of the
Fe K
 line emission may be possible; i.e., it is attributed to
the increase of the Fe influx. The high-density plasma in the
IDB-SDC mode enhances the sputtering on the vacuum ves-
sel wall, which is made of stainless steel, through the high
flux of charge exchange particles. The sputtered carbon re-
leased from the plasma-facing components PFCs, e.g., car-
bon tiles on the LID head, may also enhance the Fe sputter-
ing on the vacuum vessel wall through the charge exchange
process, since the sputtering yield by carbon is much higher
than that by hydrogen.
In any case, the core radiation does not terminate the
discharge. In view of the fact that the total radiation power is
small about 30% of the total heating power, it is found that
the radiation has nothing to do with the termination of the
discharge. In fact, the discharge was actually terminated by
switching off the NBs in this shot. Sufficient or crucial evi-
dence has not been observed for the impurity accumulation
FIG. 11. Color Time behavior of a central electron density, b central
electron temperature, c Fe K
 line emission measured with a pulse height
analyzer PHA for x-ray emission, d total radiation power measured with
a 2-bolometer, and e normalized radial radiation profile measured with a
bolometer array.
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in the core region as yet; therefore, further experimental and
theoretical investigations will be necessary to reach the con-
clusion.
IV. DISCUSSION
As described in the previous section, the IDB-SDC
plasma is an improved mode that has been newly discovered
in helical systems. Whether the IDB-SDC mode is to be a
principal mode in helical devices is strongly attributed to the
possibility to adapt it to the reactor plasma. It is widely ac-
cepted that high temperature, i.e., more than 10 keV, is nec-
essary for the self-ignition in fusion reactors. On the other
hand, it might be possible to access the self-ignition regime
through high density with a relatively low temperature path.
From the view point of this novel approach, the IDB-SDC
mode has a possibility to be one of the operational modes to
obtain a burning plasma. A scheme such as a high-density
mode is particularly attractive for helical devices, because
operation at the high collisionality regime reduces the helical
ripple transport loss that may arise in the conventional ap-
proach with a high temperature plasma in the low collision-
ality regime. In addition, helical devices have no limitation
from the plasma current; furthermore, they do not require
current drive, which is most effective at low density.
In order to approach the reactor plasma with the IDB-
SDC mode, the possibility of the steady-state operation is
strongly required. The IDB-SDC mode is essentially a tran-
sient phenomenon since it occurs in the density decay or
so-called reheat phase.32 A trial to sustain the IDB-SDC
mode for a long time was performed. A continuous pellet
injector with small pellet barrels n11021 was utilized
to maintain the pressure profile after the formation of the
IDB. By injecting the pellet every 0.13 s, the quasi-steady-
state IDB-SDC mode could be successfully maintained for
nearly 1 s. In the quasi-steady-state phase, perturbations by
the pellets on stored energy and density were 15%.
For steady-state operation, there is another issue to be
solved before advancing further. As described in the previous
section, the heat load to the LID is too high to sustain the
IDB-SDC mode for a long time. This is due to the essential
problem of the LID since its wetted area for the diverted
plasma is very small. We cannot avoid this problem insofar
as LID is used to achieve the IDB-SDC mode in future. It
may be impossible to remove such a high heat load on the
LID head, especially in the reactor. However, if the IDB-
SDC mode can be achieved without the LID, the issue about
the heat handling on PFCs may be solved. Let us consider
the essentials to achieve the IDB-SDC mode once again. The
necessary conditions for the mode are central fueling by
pellet injection and strong edge pumping for reduction of
edge recycling. To satisfy the second condition, the LID is
not always necessary. If edge recycling can be reduced to the
LID level by another edge pumping method, it can alterna-
tively be utilized instead of the LID.
A promising result was recently obtained in the HD con-
figuration without LID. For this trial experiment, exhaus-
tive wall conditioning was carried out before the discharge to
reduce recycling, and pellet fueling was also utilized. In Fig.
12, radial profiles of a electron density and b temperature
in the HD configuration open circles are presented, together
with the LID configuration closed circles. It can clearly be
seen that both profiles between HD and LID are almost the
same, except that the central temperature in the HD configu-
ration is slightly low. The global confinement and MHD ac-
tivities are also similar to each other. Looking at impurity
behavior, the HD discharge is better than the LID one; i.e.,
the Fe K
 line emission from the core region can hardly be
seen in the HD configuration. Furthermore, radiation from
light impurities, e.g., carbon, is also small in the HD con-
figuration. This might be due to the mitigation of the heat
load to PFCs. In the present HD configuration without baffle
plates open divertor configuration, however, it is hard to
sustain IDB for a long time with continuous pellet injection,
which consequently increases the edge density. It has been
found that, for the stable IDB-SDC mode, it is essential to
keep the electron density at the last closed flux surface below
51019 m−3. In gas puff fueled discharges edge fueling,
the IDB-SDC mode can never be seen. This experimental
result has confirmed that the necessary conditions to achieve
the IDB are central fueling and strong edge pumping; hence,
we are strongly encouraged to suppose that the IDB-SDC
mode can be adapted to the reactor in the HD configuration.
This conclusion also suggests that the closed configuration is
definitely necessary for the HD.
V. SUMMARY
The superdense core SDC mode with central density
51020 m−3 was maintained for 1 s by the formation of
an internal diffusion barrier IDB in LHD. The central elec-
tron temperature in IDB-SDC plasmas is relatively high:
0.85 keV. It is considered that low density in the outer
region helps to raise the edge temperature gradient there, and
FIG. 12. Radial profiles of a electron density and b temperature in the
HD configuration open circles, together with the LID configuration closed
circles.
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hence the core temperature as well. In order to obtain the
IDB-SDC mode, pellet injection central fueling and strong
edge pumping low edge recycling are essential. In the IDB-
SDC mode, no serious MHD activity to terminate the dis-
charge has been observed so far. We have never seen the
serious impurity accumulation leading the plasma to radiat-
ing collapse. Because of the large Shafranov shift due to the
high central beta value, the edge magnetic structure is
strongly ergodized, which may cause the equilibrium limit.
It is confirmed that the IDB-SDC mode has a possibility
to be one of the operational modes to obtain the burning
plasma with helical devices.
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